We have tested directly the effect of Helminthosporium maydis T (Hmt) toxin and various analogs on the membrane potential formed in mitochondria isolated from a Texas (T) cytoplasmic male-sterile and a normal (N) corn. ATP, malate or succinate generated a membrane potential (negative inside) C44H1013) and Pm toxin (band A: C331H600, produced by the fungus, Phyllosticta maydis) were effective in dissipating &4, and decreasing Ca2 uptake with the following order: Pm (100) >> HmT (23-30) > Cpd XIII (11-25) >> RT2C (0.4-1.8) > Cpd IV (0.2-1.0). In contrast, the toxins and analogs had no effect on A4A formed in N mitochondria. The striking similarities of the HmT toxin (band 1: C41H680,3) and Cpd XIII on T mitochondrial activities provide strong evidence supporting the correctness of the polyketol structure assigned to the native toxin. Since the A4, in energized mitochondria is caused mainly by the electrogenic extrusion of H', the results support the idea that HmT toxin increases membrane permeability of T mitochondria to H'. The host specificity of the toxin suggests that an interaction with unique target site(s) on the inner mitochondrial membrane of T corn causes H' leakage.
Phyllosticta maydis) were effective in dissipating &4, and decreasing Ca2 uptake with the following order: Pm (100) >> HmT (23) (24) (25) (26) (27) (28) (29) (30) > Cpd XIII (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) >> RT2C (0.4-1.8) > Cpd IV (0.2-1.0). In contrast, the toxins and analogs had no effect on A4A formed in N mitochondria. The striking similarities of the HmT toxin (band 1: C41H680,3) and Cpd XIII on T mitochondrial activities provide strong evidence supporting the correctness of the polyketol structure assigned to the native toxin. Since the A4, in energized mitochondria is caused mainly by the electrogenic extrusion of H', the results support the idea that HmT toxin increases membrane permeability of T mitochondria to H'. The host specificity of the toxin suggests that an interaction with unique target site(s) on the inner mitochondrial membrane of T corn causes H' leakage.
We are interested in understanding the mode of toxin action. Most of the evidence indicates the primary target for HmT toxin action is the mitochondrion of T corn. The toxin exerts uncoupling effects and inhibits electron transport (6) . For example, malate-dependent oxygen consumption in T mitochondria is inhibited, while the toxin stimulates respiration (02 consumption) and abolishes state 3/state 4 transitions when NADH or succinate (in nonsalt osmoticum) are substrates (10, 11, 18, 23, 27, 28) . Loss ofrespiratory control can be induced by compounds that uncouple electron transport from oxidative phosphorylation by increasing membrane permeability to protons. We have shown previously that HmT toxin decreases Ca2+ uptake into T mitochondria (17) and increases membrane permeability to Ca2+ (14) . Since Ca2+ uptake into the mitochondria is thought to depend on the membrane potential (inside negative) (8, 14, 17 , 26), we tested directly whether the toxin could dissipate the electrochemical gradient of H+. Using safranine as a membrane potential probe, we show that HmT toxin dissipated the membrane potential in mitochondria of susceptible, but not resistant, corn. Synthetic toxin analogs, reduced native toxin and Pm toxin (produced by the fungus Phyllosticta maydis) were also effective in dissipating the membrane potential in T mitochondria, though they differed in their relative potency. Preliminary results of this study have been presented (15) .
MATERIALS AND METHODS
A toxin produced by the fungus, Helminthosporium maydis race T, causes symptoms of leaf blight in corn with Texas malesterile cytoplasm (cms-T3), while corn with N cytoplasm is insensitive to the toxin (6) . Both toxin sensitivity and male sterility are maternally inherited, and mitochondrial genes are thought to be responsible for these traits (22) . ' Mitochondria Isolation. Two nearly isogenic lines of Zea mays L., W64AT (T) and W64AN (N), were used in these experiments. Etiolated seedlings (4-5 d old) were obtained by germinating seeds between four layers of cheesecloth soaked with 0.5 mm CaSO4. Roots were cut into 1-2 cm sections and ground by mortar and pestle in a medium (10 ml/g fresh weight) of 250 mM sorbitol, 25 mM Hepes-BTP (pH 7.4), 3 mm EGTA, 1 mM DTT, and 0.1 to 0.2% BSA. The homogenate was filtered through four layers of cheesecloth and cellular debris was removed by centrifugation at 1600g (3500 rpm, SS-34 rotor). Mitochondria were pelleted at 6000g (7000 rpm, SS-34 rotor) and resuspended in 250 mM sorbitol, 2.5 mm Hepes-BTP (pH 7.4), 1 mM DTT, and 0.1% BSA (14, 17) . Protein concentration was measured by the method of Bradford (5) .
Determination of Membrane Potential with Safranine. A4t' formation was measured by recording the spectral shift of the lipophilic cationic dye, safranine, as in mung bean mitochondria (24) . The dye accumulates in mitochondria in response to the generation of a potential (negative inside). (Fig. 5, a, b, c) . The rate of dissipation was dependent on toxin concentration and complete coRapse of AO (within 1 min), could be achieved with 50 ng/ml of purified HmT toxin. The range of effective toxin concentrations was independent of the substrate used to generate the A4+. In contrast, HmT toxin had no effect on As formed in mitochondria even at concentrations 20 to 40 times higher than that effective on T corn (Fig. 6) . Extremely high concentrations (40-60 Ag/ml) caused a partial decrease in Asp (13) .
Analogs of HimT toxin were also effective in dissipating Alp in T, but not N, mitochondria. Figure 7 compares the activities of various HmT analogs (RT2C, Cpd XIII, Cpd IV) and shows striking differences in the effective concentrations required to dissipate A4' in T corn mitochondria. Cpd XIII (Fig. 7a) (Fig. 7b) , and the synthetic analog, Cpd IV (Fig. 7c) , dissipated AO at considerably higher concentrations (>1000 ng/ml). Cpd IV has a chain length of 25 (Fig. 7d) as 50 ng/ml of HmT toxin. The effect of the toxin and analogs on Ca2" uptake into T and N mitochondria was also tested. As shown with the native toxin (17), the analogs decreased Ca2" uptake in T (Fig. 8) , but not N, mitochondria (Table I ). The relative effectiveness of the analogs and toxins was compared by estimating the concentration (in nm) required to inhibit 50% of the activity (Table II) . When the most potent toxin was set to 100%, the sequence of decreasing effectiveness was:
Pm > HmT> Cpd XHI > RT2C> Cpd IV InhibitionofCa2+ uptake 100 with 50 to 100 jg protein/ml. Furthermore, the toxin concentration required to dissipate Ai, by 50% was estimated from activity at 2 min after toxin addition. In contrast, Ca2" uptake was routinely measured after a 10 min incubation period. Since the relative inhibition is dependent on the time of incubation and the membrane protein, the concentration of HmT toxin required to dissipate A/ by 50% is estimated to be at least 20-fold higher than that needed to inhibit Ca2" uptake. In general, the values determined experimentally (Table II) support the idea that similar concentrations of toxin are required to inhibit Ca2+ uptake and dissipate the Al.
Toxin Stimulates Mitochondrial ATPase Activity. If the toxin collapses the membrane potential in T mitochondria just like uncouplers, then the hydrolysis of ATP should be stimulated by the toxins. Table III shows that both HmT and Pm toxins stimulated ATP hydrolysis in T, but not in N, mitochondria. The stimulation of ATPase activity by HmT toxin was similar to that induced by gramicidin. These results agree with those reported earlier by Bednarski et al. (2) and JM Daly and SJ Danko (personal communication)
.
In order to demonstrate toxin stimulation of the ATPase activity, it is crucial to obtain a relatively high population of tight mitochondria that will hold a proton electrochemical gradient. In a previous study, we were unable to demonstrate any toxin effect on mitochondria ATPase activity (A Kimber, unpublished data), probably because the mitochondria were subjected to osmotic shock. This could be prevented by including sucrose as an osmoticum in the ATPase reaction mixture.
DISCUSSION
We have shown directly that HmT toxin, Pm toxin, and various toxin analogs dissipated AA in susceptible (T), but not resistant (N), corn mitochondria. The A4v as detected by the spectrl shifts of safranine could be generated by either redox substrates or ATP. While our studies were in progress, Berville et at. (3) reported that HmT toxin inhibited A4t formation in corn mitochondria. They found that mitochondria (3 mg protein) treated with 91 nM HmT toxin were unable to accumulate 3H-or '4C-tetraphenyl phosphonium, a lipid permeant cation. How- (12) . Dissipation of the membrane potential by HmT toxin therefore supports the idea that toxin increases permeability to HI. Since HmT toxin increases mitochondrial membrane permeability to Ca2" (14) as well, the toxin may increase membrane permeability to ions in general in T mitochondria.
The specificity of HmT toxin for cms-T corn strongly suggests the presence of a target site unique to T mitochondria. Although the results in this study do not provide obvious clues to its identity, it is reasonable to propose that an interaction of the toxin with the site is a prerequisite for the increase in membrane permeability to ions. There is indirect evidence for a proteinaceous receptor. Pham and Gregory (29) noted that cms-T corn mitochondria lost sensitivity to HmT toxin with time, but that sensitivity was maintained by DTT, a thiol reagent. Furthermore, Bouthyette et al. (4) found that HmT toxin-induced swelling of mitochondria could be blocked by DCCD. We have also found that DCCD will partially prevent the inhibition ofCa2+ transport and Al formation by HmT toxin (16) . Although Bouthyette et al. (4) reported that ['4CJDCCD preferentially labeled a 9 kD protein which appears to be part of the mitochondrial ATPase, we doubt that the DCCD-binding proteolipid of the ATPase is the primary target site of the toxin. As reported by others (10, 11, 23, 27, 28) , we (13, 16) have also found that HmT toxin inhibited malate-dependent, but not succinate-dependent, electron transport. Whether this is caused by NAD+ leakage alone (3), or by a direct inhibition of electron transport via complex I (NADH-UQ oxidoreductase), or both has yet to be established.
